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ABSTRACT 
 
 
 
 
        Porous asymmetric polyvinylidene fluoride (PVDF) and polysulfone (PSF) 
hollow fiber membranes were structurally developed to improve gas permeability, 
wetting resistance and carbon dioxide (CO2) absorption flux. The membranes were 
prepared via a wet phase-inversion process and used in gas-liquid membrane 
contactors for CO2 absorption. Phase-inversion behavior of the polymer solutions 
was studied by plotting the ternary phase diagrams of polymer/solvent-
additive/water. The effect of different non-solvent additives on the structure and 
performance of the PVDF and PSF membranes was investigated. The membranes 
structure was examined in terms of gas permeation, critical water entry pressure 
(CEPw), collapsing pressure, overall porosity, contact angle, mass transfer resistance 
and field emission scanning electronic microscopy (FESEM). The CO2 absorption 
performance of the membranes was investigated and compared with the commercial 
polypropylene (PP) and polytetrafluoroethylene (PTFE) hollow fiber membranes. In 
addition, the effect of different operating conditions on the physical and chemical 
CO2 flux of the PVDF membrane was also investigated. The results showed that the 
PSF membranes have a thicker skin layer with smaller pore sizes and lower surface 
porosity compared to the PVDF membranes. The PVDF membranes demonstrated 
low mass transfer resistance and high wetting resistance. Therefore, the hydrophobic 
PVDF membranes indicated an improved structure, which considerably increased the 
CO2 flux compared to the PSF membranes and symmetric PP and PTFE commercial 
membranes. A maximum CO2 flux of 8.20×10-4 mol./m2.s was achieved at the 
absorbent flow rate of 310 ml/min, which was approximately 110 % higher than CO2 
flux of the PTFE membrane at the same operating conditions. In case of physical 
absorption with distilled water, a significant increase in the CO2 flux was observed as 
the pressure increased and the temperature decreased. However, in the case of 
chemical absorption with 1M sodium hydroxide (NaOH) solution, the CO2 flux was 
significantly increased by increasing temperature, where the reaction rate was 
dominant. Moreover, it was found that the operation remains stable at the same gas 
and liquid pressure without bubble formation in the liquid phase when the liquid 
contacts the skin layer of the membrane. Results of the long-term study demonstrated 
that after a certain initial CO2 flux reduction the membrane performance maintained 
constant over 150 h operation. Therefore, it can be concluded that the porous 
hydrophobic membrane with developed structure can be a promising alternative for 
CO2 removal from the gas streams. 
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ABSTRAK 
 
 
 
 
        Membran tak simetri berliang polivinilidin florida (PVDF) dan polisulfona 
(PSF) gentian geronggang telah dibangun secara fizikal untuk memperbaiki 
kebolehtelapan gas, rintangan pembasahan dan fluks penyerapan gas karbon dioxsida 
(CO2). Membran disediakan melalui kaedah fasa balikan basah dan diguna untuk 
penyerapan CO2 melalui penyentuh cecair-gas bermembran. Sifat kaedah fasa 
balikan basah ke atas larutan polimer dikaji dengan melakarkan gambarajah tiga fasa 
polimer/pelarut-bahan tambah/air. Pengaruh pelbagai bahan tambah bukan pelarut 
pada struktur dan prestasi penyerapan CO2 pada membran PVDF dan PSF telah 
dikaji. Struktur membran ini telah diperiksa dengan kaedah penelapan gas, tekanan 
kritikal kemasukan air (CEPw), tekanan runtuh, keliangan keseluruhan, sudut 
sesentuh air, rintangan pemindahan jisim dan mikroskopi imbasan elecktron 
pemancaran medan (FESEM). Prestasi membran untuk penyerapan CO2, telah dikaji 
dan dibandingkan dengan membran gentian bergeronggang polipropilin (PP) dan 
politetrafloroetilin (PTFE) komersil. Sebagi tambahan, kesan keadaan operasi yang 
berbeza ke atas fluks fizikal dan kimia CO2 untuk membran PVDF telah dikaji. 
Keputusannya menunjukkan membran PSF mempunyai lapisan kulit yang lebih tebal 
dengan saiz liang yang lebih kecil dan keliangan permukaan yang lebih rendah 
berbanding membran PVDF. Membran PVDF menunjukkan rintangan pemindahan 
jisim yang rendah dan rintangan kebasahan yang tinggi. Oleh itu membran 
hidrofobik PVDF menunjukkan pembaikan struktur, yang meningkatkan fluks CO2 
berbanding dengan membran PSF yang disediakan serta PP dan PTFE membran 
komersil simetri. Kadar fluks maksimum 8.20×10-4 mol./m2.s telah diperolehi dengan 
air suling sebagai bahan penyerapan cecair pada kadar alir 310 ml/min, iaitu lebih 
kurang 110% lebih tinggi dari fluks CO2 membran PTFE. Dalam kes penyerapan 
fizikal dengan air suling, peningkatan fluks CO2 yang berkesan telah dapat dicerap 
melalui peningkatan suhu dan pengurangan tekanan. Akan tetapi, dalam kes 
penyerapan kimia menggunakan larutan natrium hidroksida (NaOH) 1M, fluks CO2 
telah meningkat dengan peningkatan suhu, di mana kadar tindakbalas adalah tinggi. 
Tambahan pula, operasi didapati boleh menjadi stabil pada tekanan gas dan cecair 
yang sama tanpa pembentukan gelembung dalam fasa cecair, apabila cecair 
bersentuhan dengan lapisan kulit membran. Keputusan dari kajian jangka panjang 
menunjukkan selepas pengurangan awal fluks CO2, prestasi membran kekal malar 
operasi melebihi 150 jam. Oleh itu, dapat disimpulkan bahawa membran hidrofobik 
berliang dengan struktur yang telah dibangunkan boleh menjadi alternatif yang baik 
bagi penyingkiran CO2 dari aliran gas.  
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1. Research Background 
 
         It is important to develop techniques which would reduce acid gases like 
carbon dioxide (CO2), hydrogen sulfide (H2S) and other sulfuric and nitric 
components (SOx and NOx) arising from the combustion of fossil fuels, present in 
natural gas, industrial gas and domestic processes effluent gas. Due to the 
environmental, economical and operational impacts of acid gases they should be 
removed from the gas streams. CO2 is the primary component of greenhouse gases, 
which more than one-third of its emission comes from combustion of fossil fuels in 
power plants worldwide. It has been associated with global climate change (Herzog 
et al. 2000). In addition, presence of CO2 in natural gas can cause pipeline corrosion, 
reduction in the heating value, increasing transport energy and CO2 is also able to 
solidify in cryogenic process (Atchariyawut et al. 2007). Several conventional 
devices such as gas absorption columns, adsorption systems and cryogenic process 
have been developed for CO2 removal from gas streams.  
 
        In recent years, an alternative technology that overcomes the disadvantages of 
conventional gas absorption is non-dispersive gas-liquid contact via a porous 
membrane. By using a suitable membrane configuration such as a hollow fiber, the 
gas and liquid can contact on the gas-liquid interface at the mouth of each membrane 
 2 
pore. Mass transfer occurs by diffusion across the interface, just as in conventional 
contacting device. Furthermore, as opposed to more conventional applications such 
as microfiltration, ultrafiltration and reverse osmosis, the driving force for separation 
is a concentration rather than a pressure gradient; indeed only a very small pressure 
drop across the membrane is required to ensure that the gas-liquid interface remains 
immobilized at the mouth of the membrane pores. The membrane gas absorption 
process offers several advantages over conventional contacting devices such as: high 
surface area per unit contactor volume, independent control of gas and liquid flow 
rates without any flooding, loading, weeping, foaming or entrainment problems, 
known gas-liquid interfacial area, small size, modular, and easy to scale up or down 
(Gabelman and Hwang, 1999).  
 
        Esato and Eiseman (1975) were the first to employ the microporous membrane 
as a gas-liquid contacting device using hydrophobic flat Gore-Tex membranes of 
poly (tetrafluoroethylene) (PTFE) for oxygenation of blood. Removal of CO2, one of 
the major greenhouse gases, from gas streams by a membrane contactor has been a 
research focus since 1980s and for this purpose investigators have considered several 
factors like absorption solutions, membrane materials and membrane modules to 
improve the performance of CO2 removal. Qi and Cussler (1985a,b) were the first to 
develop the idea of the hollow-fiber contactor using a microporous non-wetted 
polypropylene hollow fiber membrane for absorption of CO2 where aqueous sodium 
hydroxide solution was used as an absorbent. Feron and Jansen (2002) employed 
porous polyolefin membranes with the novel absorption liquids (CORAL) based on 
mixtures of salts and amino-acids for removal of carbon dioxide from various feed 
gases contain different CO2 concentration. Ren et al. (2006) prepared poly 
(vinylidene fluoride) (PVDF) hollow fiber membranes to make membrane contactors 
for CO2 capture. These hollow fiber membranes were spun with two different dope 
solutions at different shear rates in order to understand the influences of the 
rheological characteristics of the dope solution on the membrane structure and the 
system performance for CO2 absorption. Applications, advantages and disadvantages 
of hollow fiber membrane contactors have been discussed in more details by 
Gabelman and Hwang (1999). Li and Chen (2005) also reviewed absorption of CO2 
using chemical solvents in hollow fiber membrane contactors.  
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        Therefore, the advantages of gas-liquid membrane contactors paved the way for 
the application of this technology in the removal of acid gases from flue gases, 
natural gas and various industrial process gas streams, which have led a number of 
investigators to explore a number of gas separation applications. 
 
 
 
1.2. Problem Statement 
 
        Membrane gas absorption using microporous hollow fiber polymeric 
membranes have attracted considerable attention in recent years and exciting results 
have been reported. However, recent developments in this area are still at the stage of 
laboratorial scale, and the long-term stability of the membrane has seldom been 
considered in the literature. In fact, the chemical stability of the membrane material 
has a considerable effect on its long-term stability. Any interaction between the 
liquid absorbent and membrane material can possibly influence the membrane 
integrity and surface structure. Liquid absorbents with high load of acid gases which 
is normally used in membrane contactors are corrosive in the nature and can make 
the membrane material less resistance to chemical attack.  
 
        In addition, the presence of a membrane adds an additional resistance to the 
overall mass transfer process compared to conventional absorption devices. In the 
ideal case, the membrane pores are filled with the gaseous component (non-wetted) 
resulting into a negligible mass transfer resistance. When the membrane pores are 
filled with the liquid (wetted), the mass transfer resistance of the membrane becomes 
significant, resulting into an unviable economical operation (Kreulen et al., 1993a). 
Thus long-term stable operation of the membrane contactor requires that the pores of 
membrane remain completely gas filled. The wetting tendency of a membrane-
absorbent combination is mainly determined by properties of the membrane, the 
liquid absorbent and operating conditions.  
 
        In general, liquids with low surface tensions tend to wet the membrane more 
than liquids having higher surface tensions based on Laplace-Young equation. Most 
of the absorbents used in the acid gases removal are organic in nature and have low 
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surface tension. On the other hand, water with significant surface tension has a 
relatively low affinity to CO2 absorption.  
 
        The choice of membrane material and its properties affect phenomena such as 
absorption and chemical stability under the conditions of actual application. This 
implies that not only the chemical and thermal properties of the material, but the 
membrane structure and properties play important roles on the CO2 flux of the 
membranes. Among various hydrophobic polymers, polypropylene (PP) and PTFE 
are the most popular membrane materials that have been fabricated as symmetric 
hollow fiber membranes for gas absorption process. Indeed, high hydrophobicity of 
the membranes can reduce wetting tendency of the membrane. However, since 
porous PTFE and PP membranes are usually provided by stretching and thermal 
methods, their relatively low porosity restricts a significant increase on absorption 
flux. Consequently the main advantage of the microporous hollow fiber membrane 
i.e. a high area to volume ratio can not be fully achieved.  
         
        The other hydrophobic polymer like PVDF can be used to prepare asymmetric 
membranes via phase-inversion method. Since the PVDF has a small critical surface 
tension about 25 dynes/cm, the penetration of the coagulant (water) into the nascent 
membrane is restricted during the phase-inversion process. Therefore, the 
precipitation rate and solidification of the nascent membranes are slow which can 
cause considerable difficulties in preparing the porous asymmetric PVDF hollow 
fiber membranes. Moreover, polysulfone has been widely used as a membrane 
material due to its mechanical strength, thermo-stability, stability against chemicals 
and relative hydrophobicity. PSF is also an excellent material for spinning hollow 
fiber membranes with controlled pore size.  
 
        Therefore, it is possible to develop porous asymmetric membrane structure with 
properties such as high surface porosity, small pore size and ultra thin skin layer with 
low mass transfer resistance, which are favorable for gas absorption applications.  
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1.3. Objectives of the Study 
 
        Based on the above problem statements, the objectives of this research are 
listed as follow: 
 
i. To develop porous PVDF and PSF hollow fiber membranes with improved 
structure for CO2 absorption.  
ii. To investigate the structure of membranes using various techniques such as 
field emission scanning electron microscopy (FESEM), gas permeation, 
critical water entry pressure, overall porosity, water contact angle and mass 
transfer resistance. 
iii. To evaluate performance of the obtained membranes for CO2 absorption 
using the gas-liquid membrane contactor system. 
 
 
 
1.4. Research Scopes 
 
           In order to achieve the above objectives, the following scope of work was 
selected; 
 
i. Selection of membrane materials and non-solvent additives for preparing 
porous PVDF and PSF hollow fiber membranes. 
ii. Formulation of polymer dopes through ternary phase diagrams of 
polymer/solvent-additive/water system. 
iii. Wet spinning PVDF and PSF hollow fiber membranes and characterization 
of the membranes in terms of membrane structure and hydrophobicity. 
iv. Designing and fabricating an experimental gas-liquid membrane contactor 
system for CO2 absorption. 
v. Optimization of membrane properties for CO2 absorption performance. 
vi. Comparing CO2 absorption performance of the prepared PVDF and PSF 
hollow fiber membranes with commercial PP and PTFE membranes. 
vii.  Studying the effect of operating conditions on the performance of CO2 
absorption through the gas-liquid membrane contactor. 
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viii. Evaluation the performance of the PVDF membrane for physical and 
chemical CO2 absorption in long-term operation. 
 
 
 
1.5. Organization of the Thesis 
 
        This thesis describes the development of the PVDF and PSF hollow fiber 
membranes structure for CO2 absorption through the gas-liquid membrane 
contactors, which is divided in eight chapters. 
 
        In chapter 1, background of the study, problem statement, objectives and scope 
of the research were presented. Chapter 2 discusses different aspects of hollow fiber 
gas-liquid membrane contactors for acid gas capture in details. In addition, current 
status and future directions of the technology is critically presented. The 
methodology of the membrane preparation and characterization are described in 
details in chapter 3.  
   
        Preparation of porous polysulfone (PSF) hollow fiber membranes using a wet 
phase-inversion process is investigated systematically and the results are presented 
in chapter 4. The effect of different non-solvent additives in the spinning dopes on 
the structure and performance of the membranes for CO2 absorption are also 
discussed. Lithium chloride monohydrate and ortho-phosphoric acid are used as 
phase-inversion promoter additives in the PVDF spinning dopes and the results are 
discussed in chapter 5. The prepared porous PVDF hollow fiber membranes are also 
characterized in terms of gas permeability, wetting resistance and mass transfer 
resistance. As well, the CO2 absorption performance of the PVDF membranes is 
compared with the commercial PP and PTFE hollow fiber membranes.  
 
        In chapter 6, the results of the CO2 absorption performance and structure of 
porous PVDF and PSF hollow fiber membranes are compared. The membranes are 
prepared at the same polymers dope composition and spinning conditions.  
 
 7 
        The effect of the main operating conditions such as absorbent temperature, 
CO2 pressure and absorbent flow rate on the physical and chemical CO2 absorption 
flux of the PVDF membranes is investigated in chapter 7. The results of long-term 
operation are presented, as well.  
 
        The general conclusions drawn from this research and some recommendations 
for future research are provided in chapter 8.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 163 
REFERENCES 
 
Aimar, P., Meireles, M. and Sanchez, V. (1990).  A contribution to the translation of 
retention curves into pore size distributions for sieving membranes. J. Membr. 
Sci., 54: 321-338. 
Aresta, M. (2003). Carbon Dioxide Recovery and Utilization, Springer. 
Atchariyawut, S., Feng, C., Wang, R., Jiraratananon, R., Liang, D.T. (2006), Effect 
of membrane structure on mass-transfer in the membrane gas–liquid contacting 
process using microporous PVDF hollow fibers, J. Membr. Sci. 285: 272-281. 
Atchariyawut, S., R., Jiraratananon, Wang, R. (2007), Separation of CO2 from CH4 
by using gas–liquid membrane contacting process, J. Membr. Sci. 304: 163–172. 
Baker, R. W. (2000). Membrane technology and application. New York: McGraw-
Hill. 
Barbe, A. M., Hogan, P. A. and Johnson, R. A. (2000). Surface morphology changes 
during initial usage of hydrophobic, microporous polypropylene membranes. J. 
Membr. Sci., 172: 149-156. 
Bhaumik, D., Majumdar, S. and Sirkar, K.K. (1998). Absorption of CO2 in a 
transverse flow hollow fiber module having a few wraps of the fiber mat. J. 
Membr. Sci. 138: 77-82. 
Bottino, A., Capannelli, G., Comite, A., Firpo, R., Felice, R.D. and Pinacci, P. (2006). 
Separation of carbon dioxide from flue gases using membrane contactors. 
Desalination, 200: 609-611. 
Bottino, A., Capannelli, G., Comite, A., Felice, R.D.,  Firpo, R. (2008). CO2 removal 
from a gas stream by membrane contactor, Sep. Purif. Technol. 59: 85-90. 
Castro, K. and Zander, A.K. (1995). Membrane air-stripping: effect of pretreatment. 
J. Am. Water Works Assoc., 87: 50-61. 
Cha, B.J., Char, K., Kim, J. J., Kim, S.S. and Kim, C.K. (1995). The effects of 
diluent molecular weight on the structure of thermally-induced phase 
separation membrane. J. Membr. Sci., 108: 219-229. 
Cheng, L.P. (1999). Effect of temperature on the formation of microporous PVDF 
membranes by precipitation from 1-octanol/DMF/PVDF and water/ 
DMF/PVDF systems. Macromolecules 32: 6668-6674. 
Cheryan, M. (1998). Ultrafiltration and Microfiltration Handbook. Lancaster:  
Technomic Publishing Co. 
 164 
Chun M.S. and Lee, K.H. (1997). Analysis on a hydrophobic hollow fiber membrane 
absorber and experimental observations of CO2 removal by enhanced 
absorption. Sep. Sci. Tech. 32: 2445-2466. 
Costello, M.J., Fane, A.G., Hogan, P.A. and Schofield, R.W. (1993). The Effect of 
shell-side hydrodynamics on the performance of axial flow hollow fiber 
modules. J. Membr. Sci. 80:  1-11. 
Cote, P., Bersillon, J.L. and Huyard, A. (1989). Bubble-free aeration using 
membranes: mass transfer analysis. J. Membr. Sci. 47: 91-106.   
Cussler, E.L. (1984). Diffusion: Mass Transfer in Fluid Systems. New York: 
Cambridge University Press.  
Danckwerts, P. V. (1970). Gas Liquid Reactions. NewYork, McGrawHill. 
De Montigny, D., Tontiwachwuthikul, P., Chakma, A. (2005). Comparing the 
Absorption Performance of Packed Columns and Membrane Contactors, Ind. 
Eng. Chem. Res. 44: 5726-5732. 
De Montigny, D., Tontiwachwuthikul, P. and Chakma, A. (2006). Using 
polypropylene and polytetrafluoroethylene membranes in a membrane 
contactor for CO2 absorption, J. Membr. Sci. 277: 99-107. 
DeCoursey, W.J. (1974). Absorption with chemical reaction: development of a new 
relation for the Danckwerts model. Chem. Eng. Sci. 29: 1867–1872. 
DeCoursey, W.J. (1982). Enhancement factor for gas absorption with reversible 
chemical reaction. Chem. Eng. Sci. 37: 1483–1489. 
Deshmukh, S. P. and Li, K. (1998). Effect of ethanol composition in water 
coagulation bath on morphology of PVDF hollow fibre membranes. J. Membr. 
Sci., 150: 75-85. 
Dickerson, R. (1984). Chemical Principles,  Benjamin-Cummings. 
Dindore, V.Y., Brilman, D.W.F., Feron, P.H.M. and Versteeg, G.F. (2004a). CO2 
absorption at elevated pressures using a hollow fiber membrane contactor. J. 
Membr. Sci. 235: 99-109. 
Dindore, V.Y., Brilman, D.W.F., Geuzebroek, F.H. and Versteeg, G.F. (2004b). 
Membrane-solvent selection for CO2 removal using membrane gas-liquid 
contactors. Sep. Purif. Technol. 40: 133-145.   
Dindore, V.Y. and Versteeg, G.F. (2005). Gas-liquid mass transfer in a cross-flow 
hollow fiber module: Analytical model and experimental validation. 
International journal of Heat and Mass Transfer. 48: 3352-3362. 
 165 
Esato, K. and Eiseman, B. (1975). Experimental evaluation of Core-Tex membrane 
oxygenator. J. Thorac. Cardiovascular Surg. 69: 690-697. 
Favre, E., (2007). Carbon dioxide recovery from post-combustion processes: Can gas 
permeation membranes compete with absorption? J. Membr. Sci. 294: 50–59. 
Feron, P.H.M. and Jansen, A.E. (1995). Capture of carbon dioxide using membrane 
gas absorption and reuse in the horticultural industry. Energy Convers. Mgmt. 
36: 411-414. 
Feron, P.H.M. and Jensen, A.E. (2002). CO2 separation with polyolefin membrane       
contactors and dedicated absorption liquids: performance and prospects. Sep. 
Purif. Technol. 27: 231-242. 
Fisher, L.R., Gamble, R.A., Middlehurst, J. (1981). The Kelvin equation and the 
capillary condensation of water. Nature 290: 575-576. 
Fontananovaa, E., Jansen, J. C., Cristiano, A., Curcio, E., Drioli, E., (2006). Effect of 
additives in the casting solution on the formation of PVDF membranes, 
Desalination 192: 190–197. 
Franken, A. C. M., Nolten,J. A. M., Mulder, M. H. V., Bargeman, D. C. and 
Smolders, A. (1987). Wetting criteria for the applicability of membrane 
distillation. J. Membr. Sci. 33: 315-328. 
Gabelman, A. and  Hwang, S.T. (1999).  Hollow fiber membrane contactors. J. 
Membr. Sci., 159: 61-106. 
Ghogomu, J.N., Guigui, C., Rouch, J.C., Clifton, M.J. and Aptel, P. (2001). Hollow-
fiber membrane module design: comparison of different curved geometries 
with Dean vortices. J. Membr. Sci. 181: 71–80. 
Gong, Y., Wang, Z. and Wang, S. (2006). Experiments and simulation of CO2 
removal by mixed amines in a hollow fiber membrane module. Chem. Eng. 
Proc. 45: 652–660. 
Graetz, L., (1885), Über die Wärmeleitungsfähigkeit von Flüssigkeiten, Ann. Phys. 
Chem. 25: 337-357. 
Han M.J. (1999). Effect of propionic acid in the casting solution on the 
characteristics of phase inversion polysulfone membranes. Desalination, 121: 
31-39. 
Han, M. J. and Nam, S.T. (2002). Thermodynamic and rheological variation in 
polysulfone solution by PVP and its effect in the preparation of phase inversion 
membrane. J. Membr. Sci., 202: 55-61. 
 166 
Happel, J. (1959). Viscous flow relative to arrays of cylinders. AIChE J. 5: 174–180. 
Henis, J.M.S. and Tripodi, M.K.  (1981). Composite hollow fiber membranes for gas 
separation: The resistance model approach. J. Membrane Sci. 8:  233. 
Herzog, H., Eliasson, B., Kaarstad, O. (2000). Capturing greenhouse gases. Sci. Am. 
182: 72-79. 
Hilke, W. R., Kneifel, K., Weigel, T. and Peinemann, K.V. (2005). Selection of 
microporous hydrophobic membranes for use in gas/liquid contactors: An 
experimental approach. J. Membr. Sci. 263: 66-76. 
Ho, M.T., Leamon, G., Allinson, G. W., Wiley, D. E.  (2006). Economics of CO2 and 
Mixed Gas Geosequestration of Flue Gas Using Gas Separation Membranes, 
Ind. Eng. Chem. Res. 45: 2546-2552. 
Ho, M.T., Allinson, G. W., Wiley, D. E. (2008). Reducing the Cost of CO2 Capture 
from Flue Gases Using Membrane Technology, Ind. Eng. Chem. Res. 47: 1562-
1568. 
Ismail, A. F., Shilton, S. J., Dunkin, I. R. and Gallivan, S. L. (1997). Direct 
measurement of  rheologically induced molecular orientation in gas separation 
hollow fiber membranes and effects on selectivity.  J. Membr. Sci., 126: 133-
137. 
Ismail, A. F., Dunkinb, I.R., Gallivanb, S.L. and Shiltonc, S.J. (1999).  Production of 
super selective polysulfone hollow fiber membranes for gas Separation. 
Polymer, 40: 6499–6506. 
Ismail, A.F., Kumari, S.N. (2004). Potential effect of potting resin on the 
performance of hollow fibre membrane modules in a CO2/CH4 gas separation 
system. J Membr Sci  236: 183–191. 
Kamo, J., Hirai, T. and  Kamada, K. (1992). Solvent-induced morphological change 
of microporous hollow fiber membranes. J. Membr. Sci. 70: 217-224. 
Karror, S. and  Sirkar, K.K. (1993). Gas absorption study in microporous hollow 
fiber membrane modules. Ind. Eng. Chem. Res. 32: 674-684.  
Keshavarz, P., Fathikalajahi, J. and Ayatollahi, S. (2008). Analysis of CO2 separation 
and simulation of a partially wetted hollow fiber membrane contactor. J. 
Hazard. Mater. 152: 1237-1247. 
Kesting, R. E. (1991). Synthetic Polymeric Membranes. New York: McGraw-Hill. 
 167 
Khayet, M., Feng, C.Y., Khulbe, K.C., Matsuura, T. (2002). Study on the effect of a 
non-solvent additive on the morphology and performance of ultrafiltration 
hollow-fiber membranes. Desalination 148: 321-327. 
Kim, B.S. and Harriott, P., (1987), Critical entry pressure for liquids in hydrophobic 
membranes, J. Colloid Interf. Sci. 115: 1–6. 
Kim, J.H., Chang, B.J., Lee, S.B. and Kim, S.Y. (2000a). Incorporation effect of 
fluorinated side groups into polyimide membranes on their pervaporation 
properties. J. Membr. Sci. 169: 185-196. 
Kim, Y. S. and Yang, S.M. (2000b). Absorption of carbon dioxide through hollow 
fiber membranes using various aqueous absorbents. Sep. Purif. Technol. 21: 
101-109. 
Kimmerle, K. and Strathmann, H. (1990). Analysis of the structure-determining 
process of phase inversion membranes, Desalination 79: 283–302. 
Klaassen, R., Feron, P., Jansen, A. (2008). Membrane contactor applications. 
Desalination 224:  81–87. 
Kong J. and Li, K. (2001). Preparation of PVDF Hollow-Fiber Membranes via 
Immersion Precipitation, J. Appl. Polym. Sci. 81: 1643–1653. 
Koonaphapdeelert, S. and Li, K. (2006). The development of ceramic hollow fiber 
membranes for a membrane contactor. Desalination 200: 581-583. 
Korikov, A.P. and Sirkar, K.K. (2005). Membrane gas permeance in gas–liquid 
membrane contactor systems for solutions containing a highly reactive 
absorbent. J. Membr. Sci. 246: 27-37. 
Koros, W.J. and Fleming, G.K. (1993). Membrane-based gas separation. J. Membr. 
Sci. 83: 1-80. 
Kreulen, H. Versteeg, G. F. Smolders, C. A. and Van Swaaij, W. P. M. (1992). 
Selective        removal of H2S from sour gas with microporous membranes. Part 
I. Application in a gas-liquid system. J. Membr. Sci. 73: 293-304. 
Kreulen, H., Smolders, C. A., Versteeg, G. F. and Van Swaaij, W. P. M. (1993a). 
Determination of mass transfer rates in wetted and non-wetted microporous 
membranes. Chem. Eng. Sci. 48: 2093-2102. 
Kreulen, H., Smolders, C. A., Versteeg, G. F. and van Swaaij, W. P. M. (1993b). 
Microporous hollow fiber membrane modules as gas-liquid contactors. Part 1. 
Physical mass transfer processes: A specific application: Mass transfer in 
highly viscous liquids. J. Membr. Sci. 78: 197-216. 
 168 
Kreulen, H., Smolders, C. A., Versteeg, G. F. and van Swaaij, W. P. M. (1993c). 
Microporous hollow fiber membrane modules as gas-liquid contactors. Part .2, 
Mass transfer with chemical reaction.  J. Membr. Sci. 78:  217. 
Kumar, P.S., Hagendoorn, J.A., Feron, P.H.M. and Versteeg, G.F. (2002). New 
absorption liquids for the removal of CO2 from dilute gas streams using 
membrane contactors. Chem. Eng. Sci. 57: 1639-1651. 
Kumar, P.S., Hogendoorn, J.A., Feron, P.H.M. and Versteeg, G.F. (2003). 
Approximate solution to predict the enhancement factor for the reactive 
absorption of a gas in a liquid flowing through a microporous membrane 
hollow fiber. J. Membr. Sci. 213:  231-245. 
Lee, Y., Noble, R.D., Yeom, B.Y., Park, Y.I. and Lee, K.H. (2001). Analysis of CO2 
removal by hollow fiber membrane contactors. J. Membr. Sci. 194: 57–67. 
Lee, H.K., Jo, H.D., Choi, W.K., Park, H.H., Lim, C.W. and Lee, Y.T. (2006).  
Absorption of SO2 in hollow fiber memrane contactors using various aqueous 
absorbents, Desalination, 200: 604-605. 
Lemanski, J. and Lipscomb, G.G. (1995). Effect of shell-side flows on hollow fiber 
membrane device performance. AIChE  J. 41: 2322. 
Leveque, M.A., (1928), Les lois de la transmission de chaleur par convection, Ann. 
Mines 13: 201-299. 
Li, K. and Teo, W.K. (1998a). Use of permeation and absorption methods for CO2 
removal in hollow fiber membrane modules. Sep. Purif. Technol. 13: 79-88. 
Li, K. Wang, D. Koe, C. C. and Teo, W. K. (1998b). Use of asymmetric hollow fiber       
modules for elimination of H2S from gas streams via a membrane absorption         
method. Chem. Eng. Sci. 53: 1111-1119. 
Li, K. Kong, J.F. Wang, D. and Teo, W.K. (1999). Tailor-made asymmetric PVDF 
hollow fiber for soluble gas removal.  AIChE Journal, 45: 1211-1219. 
Li, K., Kong, J. and Tan, X. (2000). Design of hollow fibre membrane modules for 
soluble gas removal. Chem. Eng. Sci. 55: 5579-5588. 
Li , J.L. and Chen, B.H. (2005). Review of CO2 absorption using chemical solvents 
in hollow fiber membrane contactors. Sep. Purif. Technol., 41: 109-122. 
 
Lin, D.J., Beltsios, K., Young, T.H., Jeng, Y.S. and Cheng, L.P. (2006). Strong effect 
of precursor preparation on the morphology of semicrystalline phase inversion 
poly(vinylidene fluoride) membranes. J. Membr. Sci., 274: 64-72. 
 169 
Liu, T., Xu, S., Zhang, D., Sourirajan, S., Matsuura, T. (1991). Pore size and pore 
size distribution on the surface of polyethersulfone hollow fiber membranes. 
Desalination, 85: 1-12.  
Liu, L., Li, L., Ding, Z., Ma, R. and Yang, Z. (2005). Mass transfer enhancement in 
coiled hollow fiber membrane modules. J. Membr. Sci. 264: 113-121. 
Loyd, D.R., Kim S. and Kinzer, K.E. (1991). Microporous membrane formation via 
thermally induced phase separation. II. Liquid–liquid phase separation. J. 
Membr. Sci., 64: 1– 11. 
Lovinger, A.J. (1985). Poly (vinylidene fluoride), Development in Crystalline 
Polymers. London : Applied Science. 
Lu, J.G.,  Zheng,Y.F., Cheng, M.D. and Wang, L.J. (2007). Effects of activators on 
mass-transfer enhancement in a hollow fiber contactor using activated 
alkanolamine solutions. J. Membr. Sci. 289: 138-149. 
Lu, J.G., Zheng, Y.F. and Cheng, M.D. (2008). Wetting mechanism in mass transfer 
process of hydrophobic membrane gas absorption. J. Membr. Sci. 308: 180-190. 
Luo, F., Zhang, J., Wang, X.L., Cheng, J.F., Xu, Z.J. (2002). Formation of 
hydrophilic EAA copolymer microporous membranes via thermally induced 
phase separation, Acta Polymerica Sinica  566–571. 
Mahmud, H., Kumar, A., Narbaitz, R.M., Matsuura, T. (2000). A study of mass 
transfer in the membrane air-stripping process using microporous 
polypropylene hollow fibers. J. Membr. Sci. 179: 29–41. 
Malek, A., Li, K. and Teo, W.K. (1997). Modeling of microporous hollow fiber 
membrane modules operated under partially wetted conditions. Ind. Eng. 
Chem.Res. 36: 784–793. 
Manno, P., Moulin, P. and Rouch, J.C. et al.  (1998). Mass transfer improvement in 
the helically wound hollow fiber ultrafiltration modules Yeast suspensions. Sep. 
Purif. Technol. 14: 175–182. 
Matsuyama, H., Okafuji, H., Maki, T., Teramoto, M. and Kubota, N. (2003).  
Preparation of polyethylene hollow fiber membrane via thermally induced 
phase separation. J. Membr. Sci., 223: 119-126. 
Mavroudi, M., Kaldis, S.P. and Sakellaropoulos, G.P. (2003). Reduction of CO2 
emissions by a membrane contacting process. Fuel 82: 2153-2159. 
 170 
Mavroudi, M., Kaldis, S.P. and Sakellaropoulos, G.P. (2006). A study of mass 
transfer resistance in membrane gas–liquid contacting processes. J. Membr. Sci. 
272: 103–115. 
Miyatake, O. and Iwashita, H. (1990). Laminar-flow heat transfer to a fluid flowing 
axially between cylinders with a uniform surface temperature. Int. J. Heat Mass 
Transfer 33:  417-425. 
Moulin, P., Rouch, J.C. Serra, C., Clifton, M.J. and Aptel, P. (1996). Mass transfer 
improvement by secondary flows: Dean vortices in coiled tubular membranes. 
J. Membr. Sci. 114: 235–244. 
Mulder, M. (2003). Basic Principles of Membrane Technology. The Netherlands: 
Kluwer Academic Publishers. 
Naco, S. and Mlzutan, Y. (1995). Microporous Polypropylene Hollow Fibers with 
Double layers. Journal of Applied Polymer Science, 56: 253-261.  
Nii, S., Takeuchi, H., Takahashi, K., (1992), Removal of CO2 by Gas Absorption 
Across a Polymeric Membrane, J. Chem. Eng. Jpn. 25: 67-72. 
Nii, S. and Takeuchi, H. (1994). Removal CO2 and/or SO2 from gas streams by a 
membrane absorption method. Gas Sep. Purif. 8: 107-114. 
Nishikawa, N., Ishibashi, M., Ohata H. and Akutsu, N. (1995). CO2 removal by 
hollow fibers Gas-Liquid contactor. Energy Convers. Mgmt. 36: 415-418. 
Noda, I. and Gryte, C.C. (1979). Mass transfer in regular arrays of hollow fibers in 
countercurrent dialysis. AIChE J. 15: 113-122. 
Park, J.K. and Chang, H.N. (1985). Flow distribution in the fiber lumen side of a 
hollow-fiber module. AIChE J. 32: 1937-1947. 
Park, H. H., Deshwal, B.R., Kim, I. W. and Lee, H. K. (2008). Absorption of SO2 
from flue gas using PVDF hollow fiber membranes in a gas-liquid contactor, J. 
Membr. Sci., 319: 29-37. 
Paul, S., Ghoshal, A. K.,  Mandal, B. (2007). Removal of CO2 by single and blended 
aqueous alkanolamine solvents in hollow-fiber membrane contactor: Modeling 
and simulation. Ind. Eng. Chem. Res. 46: 2576-2588. 
Pederson, O. F. and Dannstorm, H. (1997). Separation of carbon dioxide from 
offshore gas turbine exhaust. Energy Convers. Mgmt. 38: S81-S86. 
Poddar, T.K.,  Majumdar, S. and Sirkar, K.K. (1996). Membrane based absorption of 
VOCs from a gas stream, AIChE Journal, 42: 3267-3282. 
 171 
Prasad, R. and Sirkar, K.K. (1988). Dispersion-free solvent extraction with 
microporous hollow fiber modules. AIChE J. 34: 177-188. 
Qi, Z. and Cussler, E.L. (1985a). Microporous hollow fibers for gas absorption. Part 
1: Mass transfer in the liquid. J. Membr. Sci. 23:  321-332. 
Qi, Z. and Cussler, E.L. (1985b). Microporous hollow fibers for gas absorption. Part 
2: Mass transfer across the membrane. J. Membr. Sci., 23: 333-345.  
Rangwala, H. A. (1996). Absorption of carbon dioxide into aqueous solutions using 
hollow fiber membrane contactors. J. Membr. Sci. 112: 229-240.  
Reed, B.W., Semmens, M.J. and Cussler, E.L. (1995). Membrane Separation 
Technology, Principles and Application. Amesterdam: Elsevier 467. 
Reid, R.C., Prausnitz, J.M. and Sherwood, T.K. (1977). The Properties of Gases and 
Liquids. New York: McGraw-Hill. 
Ren, J., Wang, R. Zhang, H.Y., Li, Z., Liang, D.T. and Tay, J.H. (2006). Effect of 
PVDF dope rheology on the structure of hollow fiber membranes used for CO2 
capture. J. Membr. Sci., 281: 334-344. 
Riemer, P. (1996). Green gas mitigation technologies, an overview of the CO2 
capture, storage and future activities of the IEA Greenhouse Gas R&D 
Programme, Energy Convers. Manag. 37:  665–670. 
Schmidt, H. M., Lee, K.H. and Belfort, G. (1999). Flux enhancement during Dean 
vortex tubular membrane nanofilltration: Effects of concentration and solute 
type. J. Membr. Sci. 153: 259–269. 
Shih, H.C., Yeh, Y. S. and Yasuda, H. (1990). Morphology of microporous 
poly(vinylidenefluoride) membranes studied by gas permeation and scanning 
microscopy. J. Membr. Sci., 50: 299-317. 
Singh, S., Khulbe, K. C., Matsuura, T. and Ramamurthy, P. (1998). Membrane 
characterization by solute transport and atomic force microscopy. J. Membr. 
Sci., 142: 111-127. 
Skelland, A.H.P. (1974). Diffusional Mass Transfer. New York : Wiley. 
Smolders, C.A., Reuvers, A.J., Boon, R.M., Wienk, L.M. (1992). Microstructures in 
phase-inversion membranes, Part 1. Formation of macrovoids. J. Membr. Sci. 
73: 259-275. 
So, M.T., Eirich, F.R., Strathmann, H. and Baker, R.W. (1973). Preparation of 
anisotropic Leob-Sourirajan membranes. polymer letters 11: 201. 
 172 
Stropnik, C., Kaiser, V., Musil, V., Brumen, M. (2005). Wet-Phase-Separation 
Membranes from the Polysulfone/N,N-Dimethylacetamide/Water Ternary 
System: The Formation and Elements of Their Structure and Properties. J. 
Appl. Polym. Sci. 96: 1667–1674. 
Tan, X., Tan, S.P., Teo, W.K., Li, K. (2006). Polyvinylidene fluoride (PVDF) hollow 
fibre membranes for ammonia removal from water. J. Membr. Sci. 271: 59–68. 
Tasselli, F., Jansen, J.C., Sidari, F., Drioli, E. (2005). Morphology and transport 
property control of modified poly (ether ether ketone) (PEEKWC) hollow fiber 
membranes prepared from PEEKWC/PVP blends: influence of the relative 
humidity in the air gap. J. Membr. Sci. 255: 13–22. 
Tomaszewska, M. (1996). Preparation and properties of flat-sheet membranes from 
polyvinylidene fluoride for membrane distillation. Desalination 104:1-11. 
Treybal, R. E. (1980). Mass Transfer Operation, New York: McGraw Hill Book Co. 
Versteeg, G.F. and van Swaaij, W.P.M. (1988). Solubility and diffusivity of acid 
gases (CO2, N2O) in aqueous alkanolamine solution. J. Chem. Eng. Data 33: 29. 
Wallace, D.W., Bickel, C.S., Koros, W.J. (2006). Efficient development of effective 
hollow fiber membranes for gas separations from novel polymers. J. Membr. 
Sci. 278: 92–104. 
Wang, D. L., Li, K. and Teo, W.K. (1995). Effects of temperature and pressure on 
gas permselection properties in asymmetric membranes. J. Membr. Sci., 105: 
89. 
Wang, D., Li, K. and Teo, W.K. (1996). Polyethersulfone hollow fiber gas separation 
membranes prepared from NMP/alcohol solvent systems. J. Membr. Sci., 115: 
85-108. 
Wang, D. L., Li, K. and Teo,W.K. (2000a). Highly permeable polyethersulfone 
hollow fiber gas separation membranes prepared using water as non-solvent 
additive. J. Membr. Sci., 176: 147–158. 
Wang, D., Li, K. and Teo, W. K. (2000b). Porous PVDF asymmetric hollow fiber 
membranes prepared with the use of small molecular additives. J. Membr. Sci. 
178:3-23. 
Wang, D., Teo, W.K. and Li, K. (2002). Removal of H2S to ultra low concentrations 
using an asymmetric hollow fiber membrane module. Sep. Purif. Technol. 27: 
33-40. 
 173 
Wang, R., Li, D.F. and Liang, D.T. (2004a). Modeling of CO2 capture by three 
typical amine solutions in hollow fiber membrane contactors. Chem. Eng. 
Proce. 43: 849-856. 
Wang, R., Li, D.F. Zhou, C., Liu, M. and Liang, D.T. (2004b). Impact of DEA 
solutions with or without CO2 loading on porous polypropylene membranes 
intended for use as contactors. J. Membr. Sci., 229: 147-157. 
Wang, D., Teo,W. K. and Li, K. (2004c). Selective removal of trace H2S from gas 
streams containing CO2 using hollow fiber modules/contactors. Sep. Purif. 
Technol. 35: 125-131. 
Wang, R. Zhang, H.Y. Feron, P.H.M. and Liang, D.T. (2005). Influence of 
membrane wetting on CO2 capture in microporous hollow fiber membrane 
contactors. Sep. Purif. Technol. 46: 33-40. 
Wang, K. Y., Chung, T. S., Gryta, M. (2008). Hydrophobic PVDF hollow fiber 
membranes with narrow pore size distribution and ultra-thin skin for the fresh 
water production through membrane distillation. Chem. Eng. Sci 63:  2587-
2594. 
Westerterp, K.R., Van Swaaij, W.P.M. and Beenacleers, A.A.C.M. (1984). Chemical 
Reactor Design and Operation. New York : Wiley. 
Wickramasinghe, S.R., Semmens, M.J. and Cussler, E.L. (1992). Mass transfer in 
various hollow fiber geometries.  J. Membr. Sci. 69: 235-250. 
Wienk, I.M., Boom, R.M., Beerlage, M.A.M. et al. (1996). Recent advance in the 
formation of phase inversion membranes made from amorphous or semi-
crystalline polymers. J. Membr. Sci., 113: 361-371. 
Wilson, E.E. (1915). A basis for rational design of heat transfer apparatus. Trans. 
ASME 37: 47-82. 
Wu, B., Li, K. and Teo, W. K. (2007), Preparation and characterization of poly 
(vinylidene fluoride) hollow fiber membranes for vacuum membrane 
distillation, J. Appl. Polym. Sci. 160: 1482-1495. 
Wu, J. and Chen, V. (2000). Shell-side mass transfer performance of randomly 
packed hollow fiber modules. J. Membr. Sci.  172: 59–74. 
Xu, Z. L. and Qusay, F. A. (2004).  Polyethersulfone (PES) hollow fiber 
ultrafiltration membranes prepared by PES/non-solvent/NMP solution.  J. 
Membr. Sci., 233: 101–111. 
 174 
Xu, A., Yang, A., Young, S., deMontigny, D., Tontiwachwuthikul, P. (2008). Effect 
of internal coagulant on effectiveness of polyvinylidene fluoride membrane for 
carbon dioxide separation and absorption, J. Membr. Sci. 311: 153-158. 
Yan, S.P., Fang, M.X., Zhang, W.F., Wang, S.Y., Zu, Z.K., Luo, Z.Y. and Cen, K.F. 
(2007). Experimental study on the separation of CO2 from flue gas using 
hollow fiber membrane contactors without wetting. Fuel Proc. Tech.  88: 501-
511. 
Yan, S., Fang, M., Zhang, W., Zhong, W., Luo, Z., Cen, K. (2008). Comparative 
analysis of CO2 separation from flue gas by membrane gas absorption 
technology and chemical absorption technology in China, Energ. Convers. 
Manage. 49: 3188–3197. 
Yang, M.C. and Cussler, E. L. (1986). Designing Hollow-Fiber Contactors. AIChE 
Journal. 32: 1910-1916. 
Yasuda, H. and  Tsai, J.T. (1974).  Pore size of microporous polymer membranes. J. 
Appl. Polym. Sci., 18: 805-819. 
Yeon, S.H., Sea, B., Park, Y.L., Lee K.H. (2003). Determination of mass transfer 
rates in PVDF and PTFE hollow fibers membranes for CO2 absorption. Sep. Sci. 
Technol. 38:  271-293. 
Yeon, S.H., Lee, K.S., Sea, B.K. Park, Y.I. and Lee, N.H. (2005). Application of 
pilot-scale membrane contactor hybrid system for removal of carbon dioxide 
from flue gas. J. Membr. Sci. 257: 156-160. 
Yeow, M. L., Liu, Y. T. and Li, K. (2003). Isothermal Phase Diagrams and Phase-
Inversion Behavior of Poly(vinylidene fluoride)/Solvents/Additives/Water 
Systems. J. Appl. Polym. Sci.  90: 2150–2155.  
Yeow, M. L., Liu, Y. T. and Li, K. (2004). Morphological Study of Poly(vinylidene 
fluoride)Asymmetric Membranes: Effects of the Solvent, Additive, and Dope 
Temperature. J Appl Polym Sci. 92: 1782–1789.  
Yeow, M.L., Liu, Y. and Li, K. (2005). Preparation of porous PVDF hollow fibre 
membrane via a phase inversion method using lithium perchlorate (LiClO4) as 
an additive. Journal of Membrane Science, 258: 16–22. 
Young T.H., Chen L.W. (1991). A two step mechanism of diffusion-controlled 
ethylene vinyl alcohol membrane formation. J. Membr. Sci. 57: 69-81. 
Zha, F.F., Fane, A.G., Fell, C.J.D. and Schofield, R.W. (1992). Critical displacement 
pressure of a supported liquid membrane. J. Membr. Sci. 75: 69–75. 
 175 
Zhang, H.Y., Wang, R., Liang, D.T. and Tay, J.H. (2006). Modeling and 
experimental study of CO2 absorption in a hollow fiber membrane contactor. J. 
Membr. Sci. 279: 301-310. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
